Pausing during the transcription of MDV-1 cDNA by Escherichia coli RNA polymerase was compared with pausing during the replication of MDV-1 RNA by Q6 replicase. MDV-1 RNA is able to form many strong hairpin structures, and Q6 replicase pauses after the synthesis of each Cell 15, 541-550]. Although the transcripts were virtually identical to MDV-1 RNA, the locations at which RNA polymerase paused were different and apparently were not related to sequences that can form hairpins. These results indicate that hairpin stability, per se, cannot be used to predict the occurrence of pausing during transcription.
INTRODUCTION
The formation of secondary structures strongly influences the rate of chain elongation during RNA-directed RNA synthesis by Q8 replicase (1).
Electrophoretic examination of the distribution of the partially synthesized strands that occur during the synthesis of MDV-1 RNA, a template for QB replicase (2), indicated that the replicase pauses at a relatively small number of specific sites. Nucleotide sequence analysis of the partially synthesized strands indicated that the pauses occur Immediately after the synthesis of sequences that can form strong hairpins (1). This suggested that pausing is due to the formation of hairpins.
A similar correlation between pauses and secondary structures has been observed during DNA-directed RNA synthesis by Escherichia coli RNA polvmerase (3-6). Furthermore, during transcription from the £. coli trp operon, the formation of a particular hairpin was shown to be required for a particular pause to occur (4,7-9), and the length of that pause was shown to be dependent on the stability of the hairpin (10) . Several models have been proposed to explain how the formation of hairpins might result in pausing during transcription: hairpins could interfere sterically with the polymerase (4); the formation of hairpins might disrupt the template-product hybrid (10) ; or hairpins could serve as signals that are interpreted by the polymerase as instructions to pause (11) .
In thi6 paper, we compare the pausing that occurs during the synthesis of MDV-1 RNA by Q6 replicase to the pausing that occurs during the synthesis of the same RNA by E_. coli RNA polymerase. Both polymerases synthesize a single-stranded RNA product (12, 13) . The availability of a complete cDNA copy of MDV-1 RNA (14) provided the opportunity to see if the mechanism of pausing was indeed similar during transcription and replication. We therefore constructed a plasmid in which a promoter for E^ coli RNA polymerase was inserted immediately adjacent to MDV-1 cDNA, where it would promote the synthesis of MDV-1 (-) RNA. Since the same RNA was synthesized in these two different polymerization systems, the role of the product strand in the mechanism of pausing could be explored. Furthermore, recombinant DNA techniques afforded us the opportunity to alter the DNA template, to determine the contribution made by specific nucleotide sequences and secondary structures to the pausing pattern. Preparation of MDV-1 cDNA -MDV-1 DNA was prepared by using avian myeloblastosis virus reverse transcriptase to synthesize a cDNA from each complementary strand of wild-type MDV-1 RNA, hybridizing the cDNA products to each other to form an MDV-1 DNA duplex, then inserting this DNA into the Eco RI restriction site of pBR322 DNA with the aid of Eco RI linkers (14) . £. coll HB101 was transformed with this plasmid and a clone was selected as a source for the isolation of recombinant DNA.
MATERIALS AND METHODS

Enzymes
Construction of pSLl -MDV-1 double-stranded DNA was isolated by digestion with Eco RI, and purification by gel filtration chromatography on Sepharose 4B (Pharmacia). The single-stranded ends were removed by incubation with 2.4 units of nuclease SI for every pinole of ends in 200 mM NaCl, 2 mM ZnCl., and 50 mM sodium acetate (pH 4.5) at 25 °C for 30 min.
The DNA was isolated by extraction with phenol and precipitation with ethanol. Eco RI linkers were then ligated to the ends (15) . Following digestion with Eco RI, this DNA was inserted at the Eco RI site of a pBR322-derived plasmid that contained an Xho I linker in place of base-pairs 3608 to 4360 of pBR322 DNA (16) . Addition of the linkers restored the Eco RI ends and created a unique Sma I recognition site at one end of the MDV-1 DNA. Clones containing recombinant plasmids were identified by restriction analysis (17) . Another DNA fragment, containing an £. coli tryptophan (trp) promoter (18) , was obtained by digestion of pDR33 DNA (kindly provided by Dr. George Bennett of Rice University) with Pvu II and isolated from a low-melting-point agarose gel (19) . This fragment was then Computer analysis (26) indicated that these two additional nucleotides would not alter the secondary structures that could form in the MDV-1 sequence.
Pausing was observed by sampling a reaction at various times and analyzing the distribution of the partially synthesized transcripts by electrophoresis. Discrete-sized RNAs were observed. The RNAs increased in size over time. Moreover, they were true elongation intermediates, since they could be chased into full-length RNAs (Figure 2 ). Nucleotide sequence analysis of the transcripts indicated where in the sequence the polymerase had paused. Figure 3 shows the locations of the first seven major pauses, and compares them to the locations at which QB replicase is known to pause.
In general, £. coli RNA polymerase paused at different sites than QB replicase, and there was no obvious correlation between the sites at which J2. coli RNA polymerase paused and the formation of hairpin structures.
Similar observations have been made by other investigators working with different templates (27, 28) . In our experiments, only one pause occurred at the 3' side of a hairpin stem; and this was the only pause that occurred in the same position during both transcription and replication. Apparently, This further suggests that the sequences responsible for the occurrence of pauses 5 and 6 are contained within the local region in which the pauses occur.
DISCUSSION
The results indicate that during transcription there is, in general, no correlation between where pauses occur and where structures can form. This was contrary to our expectations, since HDV-1 RNA contains many strong hairpin structures (31, 32) , and since Q6 replicase pauses after the synthesis of each hairpin (1) . Furthermore, these structures are more stable than the extensively studied hairpin responsible for the pause during the transcription of the trp operon (10) . The absence of a general correlation between pausing and structure formation during transcription of MDV-1 indicates that hairpin stability, per se, cannot be used to predict the occurrence of pausing.
We are aware that alternative secondary structures can form in RNA.
Moreover, we have demonstrated that secondary structures can reorganize during replication (32) . It is therefore possible that the formation of less-stable alternative structures could account for the pauses that occurred during transcription. However, an analysis of the alternate structures that could form indicates that this is unlikely.
The product strands were virtually identical during replication and transcription. Therefore, differences in the nature of the template or the polymerase probably account for the different pausing patterns that we observed. QB replicase copies single-stranded RNA (12) , while J5. coli RNA polymerase copies double-stranded DNA (13) . Furthermore, Qg replicase is 215,000 Daltone (33), while E. coli RNA polymerase is 480,000 Daltons (13).
Specific interactions among the product, template, and polymerase might therefore determine which potential hairpins result in a pause during transcription. In particular, the rate at which some structures form during transcription may be different from the rate at which they form during replication. Although pausing during transcription is clearly due to the formation of some hairpins (4,7-9), our results indicate that this is not generally true.
The template DNA was modified to determine the contribution made by specific sequences and potential secondary structures to pausing. The results indicate that some pauses (3 and 4) require the presence of an upstream sequence capable of forming a strong hairpin structure (either hairpin C or hairpin S). However, not every potential hairpin has this effect. For example, pauses 3 and 4 did not occur when hairpin B was moved into approximately the same position as hairpin C (see Figure 4) . Thus, the nature of the upstream sequence, its location, or its rate of self-association, determines whether these pauses occur. On the other hand, some pauses were completely unaffected by upstream and downstream modifications (pauses 5 and 6). These results suggest that there are at least two different pausing mechanisms: one depends on the nature of upstream sequences, while the other is independent of upstream sequences.
